An integrated indexes system for assessing water renewal of the northern coastal zone is developed; and rough sets theory is used to eliminate the redundancy in the indexes system. 
NOTATION

INTRODUCTION
Water is a type of renewable resource, and renewal is its fundamental attribute. Postel et al. (1996) proposed that the renewable volume was the annual volume of freshwater via the natural hydrological cycle. Usually, an index such as renewal time or renewal rate is used to evaluate the state of water renewal, and this has been discussed by many researchers (You 2000; Hoppema et al. 2001; Le Gal La Salle et al. 2001; Masson 2002; Yang et al. 2002; Xia et al. 2003; Andrejev et al. 2004; Yan et al. 2005) .
In recent decades, numerous man-made water cycle measures including water saving, disposal and reclamation of wastewater, use of desalinated seawater, direct use of seawater and use of rainwater have been taken to gain more volume of water, and these make water resources renewable, in a way. As a result, not only the volume of freshwater via the natural hydrological cycle but also that via manmade water cycles should be considered as the volume of water renewal . Zeng et al. (2001) water. This definition indicates that multiple factors impose obvious influences on water renewal; consequently, it is difficult for us to assess water renewal by using a single index, and an integrated indexes system involving multiple indexes is required. Yang et al. (2005) developed the integrated indexes system to assess water renewal of the Yellow River basin, and the evaluation models including the genetic projection pursuit method (Yang et al. 2004a) , multi-objective decision-making ideal interval method (Yang et al. 2004b ), matter element model (Yang et al. 2004c) , technique for order preference by similarity to the ideal solution ) and variable fuzzy sets theory (Chen & Li 2006) were applied.
The northern coastal zone is one of the areas suffering serious water scarcity in China, and water scarcity has brought serious threats and great loss to life and the national economy. The assessment of water renewal of this area has been urgently called for, but little research has been reported. This paper aims to ascertain the state of water renewal of the northern coastal zone, find the central factors limiting renewal and propose measures for improving its water renewal. The specific objectives are: (1) to construct the integrated indexes system for assessing the water renewal of the northern coastal zone from the viewpoint of the natural hydrological cycle and the man-made water cycle; (2) to apply rough sets theory (Pawlak 1997; Walczak & Massart 1999) to eliminate the redundancy in the preliminary indexes system; (3) to apply the variable fuzzy pattern recognition model (Chen 2005) to gain the state of water renewal; and (4) to make a case study of Dalian City, which involves the renewal assessment of the current year (1998 -2007) where DÃðuÞ is defined as the relative difference degree of u toÃ. Mapping
is defined as the relative difference function of u toÃ. LetṼ
where~Ṽ is called the variable fuzzy sets, A þ , A 2 and A 0 are called attracting (as priority) sets, repelling (as priority) sets and qualitative change boundary of~Ṽ, respectively.
Suppose that there are m indexes denoting the evaluated sample. Let the matrix of the characteristic values of indexes be expressed as
where x i is the characteristic value of the ith index.
Let the matrix of classification standard values be
where [a ih , b ih ] is the interval numbers of the classification standard value of the ith index in the hth level, and c is the total number of levels.
After the matrix S ab is determined, the bound matrix 
where b is a non-negative coefficient and is usually taken
The synthetic relative membership degree (SRMD)
h of the evaluated sample belonging to the hth level is
where w i is the normalized weight value of the ith index, while a and p are variable coefficients.
Formula (9) is called the variable fuzzy pattern recognition model, and four groups of parameters a ¼ 1,
Finally, the level characteristic value H of the sample can be expressed as
where u h is the normalized synthetic relative membership degree.
INTEGRATED INDEXES SYSTEM FOR ASSESSING WATER RENEWAL Preliminary selection of indexes
It is well known that constructing a scientific and reasonable indexes system is the first step to perform an evaluation. The integrated indexes system for assessing water renewal of the northern coastal area is constructed based on the following principles:
(1) The general principles of constructing the indexes system, which includes systematization and hierarchy, comprehensiveness and representative, feasibility and operability, etc.
(2) The feature of water renewal of the northern coastal area. For example, the lower natural renewal of water caused by the lower rainfall, quicker runoff yield, soil and water losses, and serious seawater intrusion, etc, and the higher social renewal of water caused by the higher efficiency of water use, use of reclaimed water, seawater and trans-basin water. Table 1 .
Indexes filter
Due to our imperfect knowledge, some redundancy exists in the preliminary selected indexes, which perhaps disturbs Rate between controlling area and total area of water and soil losses E 5
Rate between the depredated area and total land area E 6
Percentage of urban greening area coverage E 7
Rate of drinking water quality reaching standard E 8
Water use efficiency Water consumption of per urban resident E 9
Water consumption of per suburban resident E 10
Water consumption of per unit production value of industry E 11
Rate between recycling water amount and total water use for industry E 12
Water consumption of per unit area of farmland E 13
Ratio between water-saving irrigation area and total irrigation area E 14 Ratio between environmental protection investment and GDP E 27
Rate between urban population and total population E 28 the correct and concise decision-making. Thus, it is essential to eliminate the redundancy. Rough sets theory is a methodology which has demonstrated its usefulness in the context of various cognitive science processes, and its algorithm of the reduction of attributes provides an efficient tool in eliminating the redundant attributes from the decision table, finding all possible minimal subsets of attributes and ensuring the same quality of classification as the whole set (Pawlak 1997; Walczak & Massart 1999) .
The algorithm used to determine the possible minimal subsets of the indexes is indicated as follows.
Let the state of water renewal be classified into five levels, with h ¼ 1 for extremely high level, h ¼ 2 for high level, h ¼ 3 for medium level, h ¼ 4 for low level and h ¼ 5
for extremely low level. The matrix of standard values'
classification is expressed as
Step 1. Elicit the discrete value y i ¼ {yj1,2,3,4,5},
Step 2. Construct the information table I l , l ¼ 1,2 … ,5 for the five cellular systems in the unit floor. For example, since indexes E 1 , E 2 and E 3 belong to the cellular system of natural features, then the information table I 1 is determined based on the affiliation.
Step 3. Ascertain the discernibility matrix D I l ; l ¼ 1; 2; … ; 5 and its core set of attributes CORE I l .
Step 4. Modify the elements containing CORE I l in the discernibility matrix D I l ; l ¼ 1; 2; … ; 5 as zeroes, and then use the elements
the disjunctive normal form l F i ; l ¼ 1; 2; … ; 5 as (11):
Step 5. Gain the conjunctive normal form l F 0 , l ¼ 1,2, … ,5 by using (12):
Step 6. Gain the disjunctive normal form l F, l ¼ 1,2, … ,5 by using (13) and all possible minimal subsets of the indexes are determined. Then we can select the satisfying subsets of indexes according to the actual evaluation issue:
VARIABLE FUZZY PATTERN RECOGNITION MODEL FOR ASSESSING WATER RENEWAL
The evaluation model should be selected according to the feature of the evaluation problem. The state of water renewal is fuzzy (Chen & Li 2006) , and the classification standard values for evaluation are usually interval numbers.
Therefore, the variable fuzzy pattern recognition model is suitable for such an evaluation issue. In order to present the algorithm briefly, we suppose that there are still m indexes by using rough sets theory to eliminate the redundancy, and the algorithm of the variable fuzzy pattern recognition model used to evaluate water renewal is illustrated as follows.
Step 1. Elicit the relative membership degree m 4 ih ; i ¼ 1; 2; … ; 28; h ¼ 1; 2; … ; 5 by using Formulae (6), (7) or (8).
Step 2. Determine the weight value w 4 i ; i ¼ 1; 2; … ; 28 by using the Analytic Hierarchy Process (AHP) approach (Saaty 1980) .
Step 3. Determine a local SRMD u by using the Step 4. Determine the weight value w 3 l ; l ¼ 1; 2; … ; 5 in the unit floor by using the AHP approach.
Step 5. Elicit four local values of SRMD for natural renewal by inputting the four groups of parameters, ðw 
Data acquisition
The data of five level classification standard values for the 28 indexes are shown in 
RESULTS AND ANALYSIS Indexes selection
After the data of five level classification standard values
and characteristic values for 28 indexes are acquired, the algorithm of rough sets theory can be carried out and the results of the reduction of attributes are listed in Table 4 . As to the cellular system of water utilization features, since the amount of reclaimed water is much greater than the amount of desalinated water, index E 19 is more important than E 20 , so the set {E 6 , E 17 , E 18 , E 19 , E 21 , E 22 } is as the reduced set. In particular, although Dalian City has no use of the water of trans-basin work in the recent ten years, the index E 23 needs to be kept for the sake of comparing the state of social renewal in the planning year with that of current years. Therefore, 22 indexes are selected for evaluating the water renewal of Dalian City in total.
Determination of weight values
The normalized weight values w Table 5 ).
Since h ¼ 1 represents the extremely high level of water renewal, so the smaller level characteristic value denotes the higher level of renewal. Thus, from Table 5 In addition, illustrates that social renewal is apparently superior to natural renewal, and it also implies that the relative low natural renewal is the leading factor of limiting renewal in Dalian City. However, its special geographical feature leads to weaker natural renewal, which is difficult to regulate by human beings. Consequently, only the measures of the man-made water cycles can be carried out to improve renewal of the zone, which includes further raising the Table 7 ). Table 7 implies that the water use of trans-basin work imposes the most significant influence on social renewal, and other measures in sequence are the use of reclaimed water, the water-saving of urban living, the use of seawater for industry, the water-saving of agriculture, and the watersaving of industry. 
CONCLUSIONS
A framework for water renewal evaluation of the northern coastal zone is presented, which involves construction of an integrated indexes system and selection of a suitable evaluation model. The following conclusions are drawn:
(1) The integrated system developed with 28 indexes has effectively represented the factors influencing water renewal of the northern coastal zone. Also, by using rough sets theory to eliminate redundancy, a more sound indexes system has been determined. The case study indicates that the approach proposed in this paper can solve the evaluation of problems of the renewability of water effectively and efficiently.
